A new triple filter system sampler/model is proposed for the precise and accurate simultaneous sampling and determination of gas-and aerosol-phase 2,4-toluene diisocyanate (TDI). The system consists of two front Teflon filters for sampling aerosol-phase TDI and a final coated glass fiber filter to collect gas-phase TDI. The aerosolphase TDI is collected on the first Teflon filter, while the second Teflon filter is used to estimate gaseous TDI adsorbed by the first. According to the gas adsorption test of two Teflon filters in series, the TDI gas adsorption fraction of the two filters is almost the same. Results of the evaporation test using pure TDI aerosols collected on the Teflon filter show that significant evaporation of the compound does not occur during sampling. These two findings allow the use of a model to estimate accurate gasand aerosol-phase TDI concentrations. The comparison test with an annular denuder shows that the triple filter system can minimize the TDI sampling bias between the dual filter and the annular denuder systems.
INTRODUCTION
Toluene diisocyanate (TDI), especially 2,4-toluene diisocyanate, is a major isocyanate compound used commercially in surface coatings, polyurethane foams, adhesives, resins, elastomers, binders, and sealants. 1 The compound has two -NϭCϭO functional groups attached to a parent toluene molecule. TDI is a semivolatile organic compound (SOC) and has a vapor pressure of 0.025 mmHg at 25°C. Its health effects are well known. 2, 3 Exposure to TDI in the workplace may commonly result in occupational asthma caused by sensitization, contact dermatitis, and hypersensitivity pneumonitis (HP). The permissible ceiling exposure limit of the Occupational Safety and Health Administration (OSHA) is 0.02 ppm (0.14 mg/m 3 , at 25°C
, 1 atm) for this compound. 4 Several sampling methods for use in the workplace have been reported. 1, [5] [6] [7] Currently, OSHA 42 is the standard method using a single glass fiber filter coated with 1-(2-pyridyl)piperazine (1,2-PP) for total TDI sampling without separating the gaseous and particulate phases. 1 However, the respiratory deposition site of inhaled TDI and health effects depend upon the physical state (i.e., gas-or aerosol-phase) of airborne TDI. 8 Therefore, it is very important to know the correct amount of gas-and aerosol-phase TDI present in a particular workplace.
There are two methods currently in use to separate TDI from its aerosol counterpart-the dual filter system (ISO-CHEK) and the annular denuder method. 8 In the dual filter system, air first goes through a front Teflon filter, which traps the aerosol-phase TDI while allowing the gas-phase TDI to pass through. The gas-phase TDI is collected by a glass fiber filter coated with 9-(N-methylaminomethyl) anthracene (MAMA). 9, 10 Teflon filters are known to adsorb some gaseous SOCs; 11 thus, the adsorption of gaseous TDI by the Teflon filter of the dual filter system may occur, resulting in an overestimation of the aerosol-phase TDI concentration. In the annular denuder system, air first enters an impactor (D 50 ϭ 2.5 m) as an elutriator, followed by an annular denuder tube to adsorb gaseous TDI. The final stage of the sampler is a 37-mm filter holder containing a glass fiber filter to collect the aerosol-phase TDI. The coating and extraction procedure of the annular denuder is somewhat complicated.
The surface-area-normalized gas/Teflon partition coefficient (K p,s , m 3 /m 2 ) has been applied to estimate the concentration of gaseous SOCs adsorbed by the Teflon filter 11 as
where K p,s is the ratio of particle-phase concentration (C p , ng/g) to gas-phase concentration (C g , ng/m 3 ) normalized by the specific surface area of the Teflon filter (a f , m 2 /g). It
can be correlated by the subcooled liquid vapor pressure (P L o , torr) 12, 13 as and, hence, must be determined by experiment. This research is intended to confirm the speculation that the front Teflon filter of the dual filter system adsorbs gaseous TDI, leading to an overestimation of aerosolphase TDI concentration. A new triple filter system is introduced, and a model is proposed to overcome the drawbacks of the dual filter and annular denuder systems. The triple filter system consists of two front Teflon filters and a final coated glass fiber filter in a series. Based on the amount of TDI collected by each of the three filters, a model to calculate the exact amount of gas-and aerosolphase TDI is developed.
EXPERIMENTAL METHODS
The triple filter system shown in Figure 1 consists of two Teflon filters (37 mm in diameter, Zefluro membrane, polytetrafluoroethylene, Gelman Laboratory) in series followed by a 1,2-PP coated glass fiber filter (37-mm in diameter, type A/E, SKC). The first Teflon filter collects aerosol-phase TDI, while the second Teflon filter calibrates the gas-phase TDI adsorbed by the first. The glass fiber filter is used to collect the remaining gas-phase TDI.
The surface area of the Teflon filter was measured using the Brunauer-Emmett-Teller method for three filters (for each filter, three measurements were taken) and found to be 6.75 Ϯ 0.41 m 2 /g. The tests were performed at relative humidity (RH) ϭ 53.2%, temperature ϭ 19.8°C. A typical 37-mm-diameter Teflon weighed 159.96 mg. After loading the filter into the holder of the sampler, the exposed diameter of the filter was reduced to 22 mm.
The sampler used as a reference standard in this work is the annular denuder sampler (inner diameter d 1 ϭ 4 mm, outer diameter d 2 ϭ 6 mm, length h ϭ 75 mm), which is shown in Figure 2 . In the sampler, the gaseous TDI is adsorbed by the denuder tube, while the aerosol-phase TDI is collected by the after-glass-fiber filter that is not coated. The diffusion coefficient of the denuder for TDI was estimated to be 0.061 cm 2 /sec at 25°C
following the method in Tucker and Nelken. 14 The penetration of TDI through the denuder was calculated to be 0.019 (or efficiency is 98.1%) at a 0.5 L/min flow rate using the Possanzini equation. 15 Sample Preparation and Analysis The coating and extraction reagents recommended in the literature were used. 1 Before sampling, the 37-mm glass fiber filters were coated with 0.5 mL of 0.2 mg/mL 1,2-PP/ methylene chloride (CH 2 Cl 2 ) solution and then dried by a nitrogen (N 2 ) stream. After sampling, the filters were placed into a vial and extracted with 4 mL of 10/90 (v/v) dimethyl sulfoxide/acetonitrile solution with ultrasonication for 30 min. Teflon filters were not coated before sampling. After sampling, the filters were immediately placed into extraction vials containing 0.5 mL of 0.2 mg/mL 1,2-PP/CH 2 Cl 2 solution and 4 mL of 10/90 (v/v) dimethyl sulfoxide/acetonitrile solution. Samples in the Tsai, Cheng, Aggarwal, Shih, and Hung vials were then derivatizated and desorbed by ultrasonication for 30 min.
The denuder tube (URG-2000 -15T, URG) was coated with 1 mL of 2 mg/mL 1,2-PP/CH 2 Cl 2 solution. The denuder was capped and rolled by a shaker (Vortex-2 Genie, Scientific Industries) for 5 min to evenly coat the denuder wall. The CH 2 Cl 2 was then evaporated with an N 2 stream, leaving behind a dried coating of 1,2-PP on the denuder wall. After sampling, 2 mL of 10/90 (v/v) dimethyl sulfoxide/acetonitrile solution was added into the denuder, and the tube was capped and shaken by a shaker for 5 min for extraction. Each extract was then decanted into a sample vial containing 2 mL of 10/90 (v/v) dimethyl sulfoxide/ acetonitrile solution and kept for the analysis. Amber glassware was used throughout the experiment.
Before the analysis, the extracts were clarified by passing them through a 0.45-m pore size polyvinyl filter (Millipore Millex-HV). Samples were analyzed by highperformance liquid chromatography (HPLC) (LC-10AT, Shimadzu) within 24 hr of sampling. A fluorescence detector (RF-551, Shimadzu) was used, and the excitation and emission wavelengths were set at 240 and 370 nm, respectively. The output of the detector was sent to a personal computer for on-line recording of the data. The precision of the analysis was determined to be good with a relative standard deviation of less than 5.1%. The recovery test of adsorbed TDI on the coated glass fiber filter showed that the recovery efficiency was 96.6 Ϯ 2.2%. MDL (method detection limit) was determined to be 0.09 ppb (0.9 g/m 3 , at 25°C, 1 atm) in the equivalent TDI gaseous concentration when the sampling flow rate was 1 L/min and sampling time was 15 min. The analysis was done with a 4.6 mm ϫ 25 cm column with 5-m silica packing (RP-8, Phenomenex). The mobile phase consisted of 60% acetonitrile and 40% 0.05 M aqueous solution of ammonium acetate, which was adjusted to pH ϭ 6.2 with glacial acetic acid. The flow rate was 1 mL/min. Sample injection volumes were 10 L. These conditions separated the TDI 1,2-PP-urea from excess 1,2-PP and sample impurity, with the retention time of the TDI derivative being ϳ8.7 min.
Generation of TDI
The experimental setup is shown in Figure 3 . Gas-and aerosol-phase TDI (or mixed-phase TDI) were generated by introducing clean air into a liquid TDI-containing impinger with a flow rate of 30 mL/min (at 30 Ϯ 1°C) adjusted by a dynamic gas calibration system (Thermo Model 146, Thermo Environmental Instruments, Inc.). The flow rate of dilution air was adjusted by a rotameter to generate the required TDI concentration for the test.
Pure gaseous TDI was used to test the adsorption of gaseous TDI by Teflon filters. It was generated by passing the mixed-phase TDI through a Teflon filter that was placed in the mixing chamber. Pure aerosol-phase TDI was used to test whether TDI aerosols would evaporate once they were collected on a Teflon filter. Pure TDI aerosols were generated when the mixed-phase TDI was allowed to enter the denuder tube, which was placed after the mixing chamber so that gaseous TDI was adsorbed on the denuder tube completely and only aerosol-phase TDI was passed through the tube. The adsorption capacity of pure TDI gas by the denuder tube was also determined by placing a coated glass fiber filter behind the tube. The test results showed that the adsorption capacity of the denuder tube was high enough for the tube to generate pure aerosol-phase TDI. Detailed test results will be described later.
Compressed air passed through a zero air supply system (Thermo Model 111, Thermo Environmental Instruments, Inc.) supplying clean and dry air before the TDI generating system. The air was conditioned to a temperature of ϳ30°C by a water bath and heating tape applied to the pipes. The humidity of the airstream was reduced by the zero air supply system for tests at low RH conditions (RH Ϸ 10%). For tests at high RH (RH Ϸ 80%), the RH of the dried air was increased by pumping the dilution air partially into de-ionized water in an impinger with a flow rate of ϳ5 L/min controlled by a rotameter. The flow rate of each of the tested samplers was controlled by a portable air-sampling pump (GilAir3, Gillian Instrument Corp.). The flow rate of pumps and the airflow through the rotameters were calibrated by a bubbler calibrator 
RESULTS AND DISCUSSION Adsorption Test of Gaseous TDI on Teflon Filters
To study adsorption of gaseous TDI on the Teflon filters with respect to incoming amount of gaseous TDI, the triple filter system (see Figure 1) , consisting of two Teflon filters in series followed by a coated glass fiber filter, was placed in the experimental setup (see Figure 3) . The pure gaseous TDI of 5-15 ppb was introduced into the system at a flow rate of 1 L/min. The experiment was performed repeatedly for an incoming gaseous TDI amount ranging from 0 to 9273 ng. To take the effect of humidity into consideration, the tests were performed at two different RHs (i.e., 83.4% at 30.1°C [high humidity] and 10.3% at 30.6°C [low humidity]). The adsorption tests of gaseous TDI by the Teflon filters were carried out with TDI concentrations of 14.3 Ϯ 2.9 ppb (low humidity) and 16.1 Ϯ 1.2 ppb (high humidity), respectively. For the first Teflon filter, the incoming amount of TDI was calculated from the amount determined in the three filters (i.e., (M 1 ϩ M 2 ϩ M 3 )). For the second filter, the incoming TDI was calculated as (M 2 ϩ M 3 ). Results in Figure 4 show that the amount of gaseous TDI adsorbed on each Teflon filter is almost the same with respect to the incoming amount of the gas and does not depend on RH. However, the adsorbed TDI increases initially with an increase in the incoming amount of TDI and finally becomes a constant when the Teflon filter is saturated at the incoming TDI of ϳ3000 ng. That is, after attaining the saturation condition, there will be no further change in the adsorbed amount of the TDI gas on the Teflon filters. Before saturation, the fraction of TDI gas adsorbed by the filter (␣ ϭ 0.21) can be calculated by the slope of the regression line from the plot of adsorbed gaseous TDI versus incoming gaseous TDI to the filter.
Collection Efficiency Test of the Annular
Denuder System The annular denuder system was used as a reference sampler for this study. It was also used to adsorb all gaseous TDI when only pure aerosol-phase TDI was to be generated for the evaporation test of TDI aerosols, which will be Tsai, Cheng, Aggarwal, Shih, and Hung described in the next section. Therefore, it is important to determine the gas adsorption efficiency and capacity of the denuder tube. For this test, the device consisted of a denuder tube followed by a glass fiber filter coated with 1,2-PP, arranged in the sampler's position as shown in the experimental setup (see Figure 3) . The tests were carried out by introducing the gaseous TDI into the denuder at three different flow rates of 0.5, 1, and 1.5 L/min, respectively. The test condition was fixed during the whole experiment (RH ϭ 11.2% and temperature ϭ 30.6°C). The collection efficiency of the annular denuder is the ratio of TDI collected by the annular denuder to that collected by the annular denuder and the filter.
The results of the collection efficiency tests are shown in Figure 5 . It shows that the collection efficiency of the annular denuder is highest at the flow rate of 0.5 L/min and decreases with an increase in the amount of gaseous TDI sampled. The test gas-phase TDI concentration was 53.3 Ϯ 25.4 ppb (0.386 Ϯ 0.184 ng/m 3 ) (at RH ϭ 11.2%, 30.6°C). If 95% collection efficiency is used as the criteria below which breakthrough occurs, the adsorption capacity of the denuder tube for TDI gas is Ͼ43, 27, and 10 mg, for the flow rates of 0.5, 1, and 1.5 L/min, respectively. The adsorption capacity was high enough when the denuder tube was used to generate pure aerosol-phase TDI.
Evaporation of Aerosol-Phase TDI during Sampling To test possible evaporation of aerosol-phase TDI collected on the Teflon filter during sampling, a test system (see Figure 2) consisted of a denuder tube followed by a Teflon filter and a glass fiber filter coated with 1,2-PP was placed in the experimental setup (see Figure 3) . The mixed-phase (gas and aerosol) TDI was supplied with a sampling flow rate of 0.5 L/min (RH ϭ 10.2% and temperature ϭ 31.6°C); the gaseous TDI was removed by the denuder tube allowing only aerosol-phase TDI to be collected on the Teflon filter. The gaseous TDI evaporated from aerosol-phase TDI was then collected by the coated glass fiber filter. The fraction of evaporation of the collected aerosol-phase TDI on the Teflon filter is the ratio of TDI collected by the glass fiber filter to that collected by both filters. Figure 6 shows the fraction of evaporated aerosolphase TDI as a function of total aerosol-phase TDI. The test aerosol-phase TDI concentration was 74.4 Ϯ 22.4 ppb (0.539 Ϯ 0.162 ng/m 3 ) (at RH ϭ 10.2%, 31.6°C), which was calculated by the amount determined by both filters (Teflon and glass fiber filters). The percentage of aerosol evaporated is less than 1.25% over a range of 700-3600 ng aerosol-phase TDI. The percentage is shown to be very low, indicating that evaporation of aerosol TDI is almost negligible. Figure 7 illustrates the triple filter system. The masses collected by each of the three filters are as follows:
Model of the Triple Filter System
where M 1 is TDI collected on the first Teflon filter (ng); M a1 is aerosol TDI collected on the first Teflon filter (ng); M g1 is gaseous TDI adsorbed by the first Teflon filter (ng); M 2 is TDI collected on the second Teflon filter (ng); M g2 is gaseous TDI adsorbed by the second Teflon filter (ng); M ag is aerosol evaporated from the first Teflon filter (ng); M 3 is TDI collected on the glass fiber filter (ng); and M g3 is gaseous TDI collected by the glass fiber filter (ng). The actual amount of gas-and aerosol-phase TDI, M g and M a , are as follows:
The results of the evaporation test show that aerosolphase TDI does not evaporate during sampling. According to this finding, eqs 4 and 6 can be written as From the experimental results of the adsorption tests of gaseous TDI on the Teflon filters placed in series (if the incoming stream is purely gaseous TDI), it has been shown that the fraction of gas adsorbed by the first [
Teflon filters is almost the same (␣ 1 ϭ ␣ 2 ϭ ␣), regardless of RH. Thus, the gas adsorbed by the first and second Teflon filters is
Similarly, the remaining gas collected on the final coated glass fiber filter can be represented as
From eqs 10 and 13, we have
The fraction of gas adsorbed by the Teflon filter, ␣, can be calculated as
From eq 15, we can obtain gaseous TDI, M g , as
After comparing eq 16 with eq 7, we have
From eqs 3 and 9, we have
From eq 17, we can substitute the value of M g1 ϭ (M 2 / M 3 )(M 2 ϩ M 3 ) in eq 18 and obtain aerosol-phase TDI, M a , as
These equations only apply to unsaturated conditions of the Teflon filters. After attaining the saturation condition (see Figure 4) , no further change in the adsorbed amount of TDI gas on filters occurs, and the amount adsorbed by the first and second filters becomes the same (Mg 1 ϭ Mg 2 ϭ M 2 ). Thus, from eqs 7 and 18, we have
However, eqs 20 and 21 can also be derived from the fact that as sampling goes on beyond saturation (1 L/min,10 min, 12.6 ppb [0.091 ng/m 3 ]), the amount of gas collected on the coated glass fiber filter increases continuously, and eventually M 3 is significantly greater than M 2 , so we can replace M 2 ϩ M 3 by M 3 in eqs 16 and 19 and obtain eqs 20 and 21. The study reported by Hart and Pankow 16 using a Tsai, Cheng, Aggarwal, Shih, and Hung two filter-polyurethane foam (PUF) adsorbent system for SOC sampling also supports eqs 20 and 21. On the basis of our experimental results and the previous discussion, we can say that eqs 16 and 19 can be applied to estimate the accurate concentrations of gasand aerosol-phase TDI whether the Teflon filters are saturated or not. The model can also be explained from Pankow's theory. [11] [12] [13] The K p,s of the first Teflon filter can be calculated as
where W 1 is the mass of the first Teflon filter (g); Q is the sampling flow rate (m 3 /min); t is the sampling time (min);
and a f1 is the specific surface area of the first Teflon filter (m 2 /g).
Similarly, the K p,s of the second Teflon filter can be calculated as
In the triple filter system, the Teflon filters are positioned in series and sampling the same compound at exactly the same humidity, temperature, and time. According to eq 2, P L o , m r,s , and b r,s of the two Teflon filters are also the same so that K p,s of the first Teflon filter must be equal to that of the second Teflon filter. That is
If the mass and specific surface area of the two Teflon filters are the same (W 1 ϭ W 2; a f1 ϭ a f2 ), then eq 24 can be simplified as follows:
This indicates that the fraction of TDI gas adsorbed by the first and second Teflon filters is the same, as predicted by our experiment. If we proceed further, then we can get eqs 20 and 21.
Comparison Test with the Reference Annular
Denuder System To confirm the ability of the triple filter system to sample the aerosol-and gas-phase TDI concentrations accurately, a comparison test using the reference annular denuder ‹ Figure 8 . Results of comparison test between the triple filter and annular denuder systems: (a) total TDI, (b) aerosol-phase TDI, and (c) gaseous TDI. The data of the dual filter system are deduced from those of the triple filter system. system was conducted in the laboratory. Both samplers were arranged in parallel after the mixing chamber in the experimental setup (see Figure 3) . The experiment used the mixed-phase TDI stream of 10 different concentrations ranging from 2 to 60 ppb (0.434 ng/m 3 ) at a flow rate of 1 L/min. The humidity and temperature of the test were 82.7% and 29.8°C, respectively. Figures 8a-c show the comparison results of total TDI, aerosol-phase TDI, and gaseous TDI, respectively, collected by the triple filter and annular denuder systems. The data indicated as "dual filter system" in the figures were obtained from the sampling data of the triple filter system by using M a ϭ M 1 and M g ϭ M 2 ϩ M 3 (where M a is the actual amount of TDI collected on the first Teflon filter, M g is the total amount of gaseous TDI collected, and M 1 , M 2 , and M 3 are the amount of TDI collected on filters -1, -2, and -3, respectively). Figure 8a shows that the total amount of TDI collected by the triple filter system is in good agreement with the total amount collected by the annular denuder system with R 2 ϭ 0.95. Figure 8b proves the significant overestimation of TDI aerosol calculated from the dual filter system. But after the calibration with the proposed model for the triple filter system, the error can be minimized. The total amount of mixed-phase TDI is 1.03 times that of the denuder system. Similarly, differences between the measured concentrations of the dual filter system and the denuder system also can be minimized by introducing the model of the triple filter system for gaseous TDI, as shown in Figure 8c .
CONCLUSIONS
The triple filter system sampler and the model proposed in this study can be applied for the accurate, simultaneous sampling and determination of gas-and aerosol-phase TDI in the ambient air. Results of the triple filter system are found to be in good agreement with the results of the reference annular denuder system. The triple filter system is simple and is shown to be much more accurate than the dual filter system in simultaneous sampling of gas-and aerosol-phase TDI. According to the experimental results, sampling duration and flow rate for the field sampling can be selected to be 15 min and 1 L/min, respectively, for the triple filter system. In the future, it will be worthwhile to study the triple filter system in the field for the effects of sampling time and other co-existing gases on the accuracy of TDI sampling.
